The physiology of anaerobic ammonium oxidizing (anammox) aggregates grown in a sequencing batch reactor was investigated quantitatively. The physiological pH and temperature ranges were 6.7 to 8.3 and 20 to 43°C, respectively. The affinity constants for the substrates ammonium and nitrite were each less than 0.1 mg of nitrogen per liter. The anammox process was completely inhibited by nitrite concentrations higher than 0.1 g of nitrogen per liter. Addition of trace amounts of either of the anammox intermediates (1.4 mg of nitrogen per liter of hydrazine or 0.7 mg of nitrogen per liter of hydroxylamine) restored activity completely.
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Anaerobic ammonium oxidation (anammox) is the biological conversion of ammonium and nitrite to dinitrogen gas. It is an almost completely unexplored part of the biological nitrogen cycle, and the process offers new opportunities for wastewater engineers and microbiologists (2) . Previously, a morphologically unusual microorganism was enriched while the anammox activity increased (6) , and a novel metabolic pathway was postulated (5) . This pathway proceeded via hydroxylamine and hydrazine. In the present study, we have investigated the physiology of aggregated anammox biomass (80% enriched in the morphotypical microorganism) grown in a sequencing batch reactor (4) . The compilation of this physiological information is the key to the future design and scale-up of the anammox process and will greatly facilitate microbiological investigation of the responsible microorganism(s).
Physiological temperature and pH ranges. The maximum specific-substrate (ammonium and nitrite) conversion rate of aggregated anammox biomass was measured as a function of temperature and pH in batch experiments, in the absence of mass transfer limitations (see Table 1 ). From the temperature dependency of anammox activity, the activation energy was calculated to be 70 kJ/mol, approximately the same as for aerobic ammonium oxidation (7) .
Affinity. Before the substrate affinities were measured, the biomass aggregates were partially disrupted (by intense magnetic stirring), to reduce mass transfer limitation at low substrate concentrations. Figure 1A shows the aggregate size distribution during aggregate disruption. The affinity was measured after 5 h, when 80% of the aggregates had diameters less than 50 m. Figures 1B and C show that the substrate decreases during the experiment were linear down to 0.15 mg of nitrogen per liter for ammonium and 0.05 mg of nitrogen per liter (the detection limit) for nitrite. Beyond these low substrate concentrations, the deviation from zero-order kinetics could have been caused by the approach of the affinity constant or by mass transfer limitation. Therefore, we concluded that the anammox affinity constants for ammonium and nitrite were equal to or less than 0.1 mg of nitrogen per liter (Table 1) .
Inhibition. The anammox process was not inhibited by ammonium or by the by-product nitrate up to concentrations of at least 1 g of nitrogen per liter. However, in the presence of more than 0.1 g of nitrite nitrogen per liter, the process was completely inhibited. This nitrite inhibition could be overcome by addition of trace amounts of either of the anammox intermediates (Ͼ1.4 mg of nitrogen per liter for hydrazine, Ͼ0.7 mg of nitrogen per liter for hydroxylamine). After a hydrazine pulse of 3 mg of nitrogen per liter of N 2 H 4 was used to start the anammox reaction, the resulting anammox activity was measured between pH 7 and 7.8 at different nitrite concentrations. It appeared that the anammox activity decreased with increasing nitrite concentration. This decrease was independent of pH at the pH range tested (7 to 7.8). Anammox activity is plotted against nitrite concentration in Fig. 2 (12 different batch experiments at 6 different substrate concentrations at pH 7, 7.4, and 7.8).
Figure 2 also shows that with increasing nitrite concentration the stoichiometry of ammonium and nitrite consumption changed from 1.3 g of NO 2 Ϫ -N/g NH 4 ϩ -N at 0.14 g of nitrogen per liter to almost 4 g of NO 2 Ϫ -N/g NH 4 ϩ -N at 0.7 g of nitrogen per liter. From the distorted stoichiometry at high nitrite concentrations, it was clear that the microorganisms under these conditions did not only use ammonium as the electron donor but also must have generated an internal electron donor to reduce the nitrite.
Three different substrate inhibition models (Edwards, Andrews, and Luong models) were fitted to the data (3). For each model, the parameters that gave the least residual sum of squares were calculated, and R 2 was calculated for the linearized models as an estimate of the validity of the obtained curves. The calculated sums of squares were used to compare the models in an F test (1).
The Luong model fitted the experimental data best (R values were NH 4 ϩ ϭ 0.92 and NO 2 Ϫ ϭ 0.84). The coefficients were K i ϭ 0.8 g of nitrogen per liter and ␣ ϭ 0.8 for inhibition of ammonium oxidation by nitrite, and K i ϭ 1 g of nitrogen per liter and ␣ ϭ 0.7 for inhibition of nitrite reduction by nitrite. The F test showed that, with 73 and 85% respective certainty, the Luong model was better than the Edwards and Andrews models.
The hydrazine or hydroxylamine added at the start of each experiment was consumed very rapidly (within 10 min), but the durations of these experiments were much longer (up to 4 h). Apparently, the biomass only needed the N 2 H 4 or NH 2 OH pulse to get started. Still, it made sense to investigate how long the biomass would be able to remain active in the presence of high nitrite concentrations, after the N 2 H 4 had disappeared.
Prolonged exposure to nitrite. Nitrite inhibition over a 50-h period was investigated in fed-batch experiments conducted under ammonium limitation with different resultant nitrite concentrations (0.06, 0.09, and 0.2 g of nitrogen per liter). In Fig. 3 , the results are compared with a control experiment under nitrite limitation. In the control experiment and at 0.06 g of nitrite nitrogen per liter ( Fig. 3A and B) , ammonium and nitrite consumption and nitrate production remained constant over the course of the experiment, and the stoichiometry was as expected.
At 0.09 g of nitrite nitrogen per liter, the stoichiometry changed during the course of the experiment (Fig. 3C) , much like the stoichiometric change illustrated in Fig. 2 . The ratio of nitrite consumption to ammonium consumption increased to 2. At 0.2 g of nitrite nitrogen per liter, the anammox process proceeded normally only for the first 4 h of the experiment (Fig. 3D) . After 4 h, the stoichiometry changed like in the previous experiments, but more strongly. Within 20 h, ammonium was produced in this experiment. Note that in Fig. 2 the inhibition of the anammox process was not yet apparent at 0.2 g of nitrite nitrogen per liter. After 20 h, two aliquots from the biomass described in Fig. 3D were reincubated in two different batch experiments with 0.26 g of nitrogen per liter of ammonium and nitrite. To one of these batches, hydrazine was added to a final concentration of 3 mg of nitrogen per liter. In this batch, the anammox activity was completely recovered, as shown by rapid conversion of ammonium and nitrite and nitrate production with normal stoichiometry. In the control experiment without hydrazine addition, the activity was not restored-no ammonium and no nitrite were converted. Ap- parently, the anammox process is strongly stimulated by its intermediates. The physiological parameters of anaerobic ammonium oxidation are compiled in Table 1 . This table also shows the parameters for aerobic nitrifiers, because these organisms resemble anammox from a physiological point of view. Both organisms are specialists: anammox has no aerobic activity, and the anaerobic activity of aerobic nitrifiers is only 5% that of the anammox activity. However, biomass yield, temperature range, substrate affinity, and activation energy are approximately the same for these anaerobic and aerobic organisms. Only the maximum specific-substrate conversion is much lower for anammox. Combined with the slightly lower biomass yield, this leads to the dramatic doubling time of 9 days under optimal conditions.
